Inter-individual variability is always an issue when treating patients of different races, genders, ages, pharmacogenetics, and pharmacokinetic characteristics. However, the development of novel dosage forms is limited by the huge investments required for production line modifications and dosages diversity. Additive manufacturing (AM) or 3D printing can be a novel alternative solution for the development of controlled release dosages because it can produce personalized or unique dosage forms and more complex drug-release profiles. The primary objective of this manuscript is to review the 3D printing processes that have been used in the pharmaceutical area, including their general aspects, materials, and the operation of each AM technique. Advantages and shortcomings of the technologies are discussed with respect to practice and practical applications. Thus, this review will provide an overview and discussion on advanced pharmaceutical AM technologies, which can be used to produce unique controlled drug delivery systems and personalized dosages for the future of personalized medicine.
INTRODUCTION
BDrug delivery system^refers to the method or process of administering a pharmaceutical compound to achieve a therapeutic effect in humans or animals (1) . Inter-individual variability is always an issue when treating patients of different races, genders, ages, pharmacogenetics, and pharmacokinetic characteristics. Currently, the development of novel dosages is limited by demand, huge costs associated with production line changes, and the wide array of dosages required (2) (3) (4) . In addition, developing new drugs is complex, expensive, and time-consuming, so optimizing the bioavailability or therapeutic effect of existing drugs has gained much interest (5) (6) (7) . Additive manufacturing (AM) is a new alternative solution for the development of controlled release dosages because it can produce personalized or unique dosage forms and more complex drug-release profiles (8, 9) . AM, popularly recognized as 3D printing, is the formalized term for rapid prototyping (RP) (10, 11) . The AM process uses additive technologies and combines materials layer by layer (12, 13) . AM equipment and materials were first developed in the early 1980s mainly in chemistry optics and robotics research (14, 15) , but were quickly applied in various engineering and biomedical fields (16, 17) . Compared with the traditional dosage manufacturing process, 3D printing can create complex products, personalized products, and products made for immediate consumption (18) .
Based on the advantages offered by 3D printing technology, interest in this technique within the pharmaceutical industry has grown over the last few years; this is reflected in the increasing number of scientific reports and patents describing the pharmaceutical applications of 3D printing (17) (18) (19) (20) . After the Food and Drug Administration (FDA) approved the first 3D-printed drug product in August 2015, 3D printing received a boost as a pharmaceutical manufacturing technique (21).
Conventional pharmaceutical manufacturing has a complicated downstream process for mass production (22, 23) ; however, AM can produce personalized dosages inexpensively without the need for such downstream processes ( Fig. 1 ) (24) . To achieve personalized dosages with conventional methods, only the dose can be adjusted. With the assistance of computational design, a researcher can adjust the dose, customize the drug-release profiles by complex structure design, and combine multiple active pharmaceutical ingredients (APIs) into a single dose (25) (26) (27) (28) . In addition, AM is more efficient and economical by reducing the downstream process (29) . In particular, the FDA encourages drug manufacturers to produce solid oral dosages that meet the increasing demands of oral drug delivery with respect to the bioavailability of APIs and drug release characteristics, in a patient-centered drug development process (30) . AM has the potential to meet and exceed these expectations.
PHARMACEUTICAL AM/3D PRINTING TECHNICAL ASPECTS
Pharmaceutical product development involves a number of steps from concept to physical production (31) . Different pharmaceutical products will involve AM in different ways and degrees (19) . With the development of AM/3D printing technologies, researchers and industry can now produce products with more complex structures and precise quality control (12, 24, 32, 33) . Pharmaceutical AM involves a series of operations that need to be performed sequentially. In this section, the different stages involved in the current AM process are discussed. Surely, there will be some variations depending on the technology that is being used and the design of the specific dosages. However, in general, currently available pharmaceutical AM can be classified into three main stages, namely modeling, building/printing, and finishing (34, 35) . These three major stages can be further subdivided into eight key steps (Fig. 2) .
Modeling Conceptualization and Objective Design
Concepts and ideas will always be the first steps for any product development process and should include the type of the dosages, appearance, and function. The pharmaceutical concepts involve a large number of forms, from APIs, excipients, and dosage forms to the specific structure and manufacturing methods (36, 37) . Today, the modeling of 3D pharmaceutical products relies on computer-aided design (CAD).
BSlicing^the Objects
One of the most important steps in pharmaceutical AM is a deconstruction of the OBJ or STL file into a layer structure in a BG-code^file, which can be recognized by the specific 3D printing system (25) . Researchers prefer to use the term Bslicing^to describe such deconstruction steps. Obviously, the printing quality or resolution is dependent on the number of slicing steps (38) . For the vertical Z-axis, the highest resolution reported to date is 16 μm, but 100 μm is typical of most AM instruments. For the horizontal resolution, compared to the 10-40 μm (600-2400 dpi) resolution of 2D printing, 3D printing can only reach as high as 30 μm in the X-and Y-axes (39, 40) .
Pre-formulation
To produce pharmaceutical products that take advantage of AM, three main properties of the raw materials should be considered: their chemical, physical, and mechanical properties. Different AM technologies offer the capacity to engineer complex structures from materials with specific physical properties, such as powders, pastes, liquids, or solids. In addition, chemical interactions, degradation, thermal stability, and photocurable properties should be considered during the pharmaceutical AM process. Improving the mechanical properties of the materials, such as the stiffness, hardness, and viscosity, will increase the success of producing AM pharmaceuticals (41) .
Instrument Set-up
The production-ready material is loaded into the 3D printer. The instrument settings include general AM machine build parameters, such as the feeding rates, printing speeds, and build temperatures, as well as objective parameters, such as the resolution, layer thickness, and inner fill density. For some 3D printing that uses more than two nozzles, more parameters should be considered, such as the batch or dual extrusion settings.
Building/Printing
For most of the AM/3D printing process, the AM machine can finish the objective automatically without supervision. In some cases, the operator may need to continually monitor the process to ensure that there are no Fig. 1 . Representation of the conventional pharmaceutical tablets manufacturing process to 3D print process errors, such as material fail, software malfunction, or power issues during processing.
Removal/Cleaning
After the product is printed, it has to be removed, requiring minimal manual intervention, and the objects are ready for use. However, in most cases, after removing the 3D-printed parts from the build platform, they will require light cleanup by removing extra printed materials or supporting materials. In addition, the machine requires cleaning to avoid cross-contamination between different batches.
Post-Processing
Ideally, the printed objects should be ready to use, but in some cases, they will require further post-processing. Such post-processing can be classified into two major categories: (1) Bsubtraction,^which is removing extra materials and supporting structures added during the printing process, and involves polishing or sandpapering and (2) Baddition,^where the product is physically combined with other parts for treatment or is coated for controlled release dosages. For some specific situations, there may also be chemical or thermal post-treatment of the printed products.
Application
After post-processing, the products should be ready for use. Compared to products obtained from conventional manufacturing methods, AM products may not behave as same as the standard material specifications, both the in vitro and in vivo shall be different with the conventional dosages due to the customized dose, structures, or fabrication paths. Recently, researchers developed some 4D products, in which the shape or geometry changes with time or drug-release from the matrix (42) .
ADDITIVE MANUFACTURING TECHNOLOGIES
Currently, various standards have been applied to classify 3D printing technologies. However, it is difficult to Fig. 2 . The schematic picture of the general pharmaceutical additive manufacturing processing come to a consensus on a universal standard of AM classification (43, 44) . For example, laser or resin solidification may be involved in liquid-based processes, whereas binder or laser may be involved in powder-based processes (25) . There are three primary considerations for the AM printing process, which are: (1) hardware (i.e., the 3D printer); (2) software (used to communicate with the hardware and also software that converts the 3D objects into sliced layer files, which are recognized by the printers); and (3) materials used to print the objects. In this section, the AM technologies are classified according to the ways that the layers are built and the printing materials are used.
Extrusion-based System
Extrusion-based technologies were first used in the medical field for artificial implants, scaffolds, and bones, and then introduced into the pharmaceutical field in recent years (45) . Because of advantages such as high drug-loading, adequate resolution, and excellent physical properties, they have been developed to overcome the limitations of the conventional pharmaceutical product development process (46) . The extrusion-based system can be subdivided into several subsections based on material melting. The most common methods for extrusion use heat. However, there are other techniques that use, for example, premixed pastes or inks (47) . The molten or liquefied material is extruded under pressure by a tractor-feed system (48) .
Fused Deposition Modeling
Fused deposition modeling (FDM) is a typical material extrusion process and is trademarked by the company Stratasys®. In most FDM techniques, a molten thermoplastic polymer filament is extruded by two rollers through a hightemperature nozzle, where it is heated and is then deposited layer by layer (33) . It is also known as fused filament fabrication (FFF) (49, 50) . It is the most widely used technique with many inexpensive, simple, desktop 3D printers. Several factors can influence the final model quality, such as the infill density, extrusion speed, layer heights, and nozzle temperature, but it has great potential and usefulness when these factors are controlled successfully (51) (52) (53) (54) (55) .
Researchers have utilized drug-loaded polyvinyl alcohol (PVA) filaments, demonstrated the production of tablets and oral dispersible films, and investigated the impact of tablet infill density on the drug-release profiles (51, 56) . Both studies submerged commercially available PVA filaments into the drug solution for drug loading. However, the drug loading ratio by this method is low, and the drug concentrates on the surface of the filaments only (Fig. 3a) . Similarly, Beck et al. used non-drug-loaded filaments and submerged the printed device into a polymeric nanocapsule suspension (Fig. 3b) . In addition, erosion and shrinkage of the printed device during the drug loading process may be significant (57) .
A better alternative to overcome low drug loading is to combine pharmaceutical hot-melt extrusion (HME) with AM for drug product developments. Researchers prefer to load the drug during the HME process, which improves the solubility of poorly water-soluble drugs by mixing APIs and excipients at the molecular level to form a homogenous amorphous solid dispersion. (Fig. 4) (41) . Combining these two technologies potentially produces a continuous process, which is recommended by the FDA (58) .
To address interpatient variability, modifying the drug loading is the most common way to personalize drug delivery. Recently, due to increased understanding of the diverse absorption, distribution, metabolism, and excretion (ADME) of particular drugs, researchers have been attempting to modify drug release profiles by complex drug product design. Goyanes et al. have studied the influence of oral dosage geometry on the drug release profiles (Fig. 5a ). Changing the macro-geometry of the dosages led to surface area variation, which is the primary factor affecting drug release (52). Zhang et al. correlated the density gradient structure and drug release profile to produce zero-order release drug products, which provides an alternative means to engineer release profiles by controlling spatial distribution within a given polymer composition rather than creating a new host material ( Fig. 5b) (26) . Sadia et al. produced novel oral dosages with engineered channels within the immediate release tablet design, which increased the overall surface area to accelerate the drug release rate ( Fig. 5c ) (59) . This indicates that the future trend of dosage form development will emerge to optimize drug release by controlling the media flow through these complex inner structures.
The advantages of the FDM 3D printing process include the use of readily available filaments, which can produce pharmaceutical products with good structural properties and minimum post-processing. In a lab scale, it can be a more economical technique than conventional manufacturing methods, such as inject modeling. In addition, it can produce pharmaceutical products with properly controlled personalized dosages. The release profile of the incorporated drug can also be smoothly adjusted due to the limitless possibilities of printing a diverse range of geometries.
However, the quality (or resolution) of FDM 3D printed products is limited by the nozzle size and printing setups. The quality also is heavily dependent on the preformulated filaments or strings, which should have adequate mechanical properties. In addition, thermal-sensitive APIs cannot be used in these printing processes. In the next few years, FDM-based AM techniques will continue to dominate AM pharmaceutical development, unless there is a critical breakthrough in another technique.
Pressure-Assisted Microsyringes/Pressure-Assisted Bioprinting
Pressure-assisted microsyringes (PAM) printing was first introduced to create soft tissue scaffolds and for food printing in the early 2000s (60) (61) (62) . As shown in Table I , the viscous semiliquid material is extruded from a syringe by pressure or force to build up the 3D-structured object. The process can be performed in a continuous flow at room temperature (33) . The dispenser is usually a pressured-air piston (3-5 bars) (80) . Biomaterials, such as solutions, pastes, and dispersions, have been widely used to print medical and pharmaceutical products with this technique (81) (82) (83) .
Li et al. produced gastro-floating tablets with hydroxypropyl methylcellulose-based dipyridamole paste using the PAM technique at 25°C (Fig. 6b) . Compared to the meltbased extrusion process, PAM technology allows printing at room temperature and avoids the potential thermal degradation of temperature-sensitive APIs (63, 64) . Khaled et al. also developed various sustained-release guaifenesin bilayer tablets (Fig. 6a) , using a double-syringe printer head with two different grades of hydroxypropyl methylcellulose. However, the tablet morphology showed low resolution and large thickness differences, indicating poor reproducibility (80) .
The significant drawbacks of this technique are the requirements of heat, solvents, or cross-linking agents for processing and solidification. The printing process or quality is dominated by the rheological properties of the slurries, which greatly depend on the type and amount of additives and solid material loading in the dispersion (84) . In order to achieve pharmaceutical products with adequate appearance and homogeneity, the paste has to possess suitable viscosity and yield stress under the process shearing and pressure (85) . In addition, due to the viscosity of the material, the printing speed is slower than that of other conventional methods. Although this technique has limitations, it is simple and versatile, and has been widely used for 3D printing of biomaterials (86) .
Multiphase Jet Solidification
Multiphase jet solidification (MJS) was first developed by the Fraunhofer Institute for Applied Materials Research (IFAM) for manufacturing 3D structured parts using low melting point alloys or powder-binder mixtures by melting and extrusion through a computer-controlled nozzle (68, 87) . Unlike the filament-based FDM process, the loaded material can be a powder, pellet, or bar of the material-binder mixture (88) . In addition, compared to that of precise extrusion deposition (PED, described below), a heated chamber or reservoir system is used to melt and liquefy the materials. Thus, the heated paste is extruded through a heated jet nozzle and used to build up the objects layer by layer. (89) .
Unique in the MJS process is the Bdebinding^and sintering process of the printed parts, which are also known as Bgreen parts^ (90) . Once the green part is obtained, solvent is applied to remove the binder and sinter the porous metal body to final density (95-98%) (Fig. 7) . In general, a calculable linear shrinkage of the parts of 10-14% during the sintering process occurs, which depends on the content of the binder (91) . Special care must be taken to avoid distortion by reducing the friction between the part and the support during the debinding process. To date, the wall thickness limit of the prototypes has been~15 mm, so optimization will be necessary if thicker walls are required. Compared to play with the post process of the printed parts, the composition of the powder-binder system are future challenges to maximize wall thickness (92) . However, the scope of MJS is limited in the pharmaceutical field due to the absence of a mixing process.
Precise Extrusion Deposition
The PED technique was developed to manufacture scaffolds with controlled pore sizes and structural orientations, in order to provide the needed structural integrity, strength, and microenvironment for cell and tissue ingrowth and healing (93) (94) (95) . Compared to the other conventional FDM methods, the PED process does not use filaments and can form pellets according to the designed structures (96, 97) . (41) Polycaprolactone (PCL) is a widely used biodegradable polyester with a low melting point (98) . It has been approved by the FDA in specific applications and is commonly used in implants, especially in long-term implants and controlled drug release applications (99) . The pelleted PCL is fused and extruded by a pressure created by a turning precision screw as shown in Table I . Researchers have demonstrated the capability of the PED fabrication process in manufacturing PCL scaffolds with microstructure and pore sizes at a 250-μm scale (100). This process directly fabricates tissue scaffolds by converting designed architecture into layered deposition patterns without involving material preparation and direct casting, and thus opens opportunities for elaborate scaffold fabrication.
As mentioned above, PED has been approved more applicable in the pharmaceutical field than MJS and FDM techniques. In addition, from the engineering part of view, the extrusion-based AM shows great feasibility for continuous process which allows steady process parameters and better product quality. For example, current PED equipment uses a single screw for conveying the materials, which can also disperse the materials to build the objects with three-dimensional movement. A company called Arburg (Loßburg, Germany) is using a conventional single screw extruder to melt the powder or pellets and pulsed pressure to control the nozzle closure to disperse the molten materials (101) . In the future, researchers could use both machines or combine these two technologies to exploit the advantages of both HME and PED. For example, a twin screw with kneading elements could be built into the extruder for good mixing and drug distribution. However, such technology has not been reported in the pharmaceutical field yet, but it has potential comprehensive applications.
The fact is that the development of continuous AM processes are driven by the purpose and the demand of the drug products. In general, the industrial scale requires the continuous process for the mass production of product because it can reduce processing time, saves costs for temporary storage, and enables full control of production. However, compared to conventional continuous processes, such as rotary press, the productivity of AM is low and the costs are higher. On the contrary, production costs may not be paramount for personalized or patient-centric dosage forms. In this situation, it may be better to maintain the AM in a batch process not requiring significant capital to install specialized equipment and special production lines.
Among the variety of the additive manufacturing techniques, the extrusion-based system is one technique that needs carefully selected materials with proper viscosity whether it melts or not. Based on the similar mechanism with melt extrusion process and automated drug-dispensing systems, the AM shared similar requirements on the rheology properties of the materials. Researchers are drawn on the experience of such techniques as well as based on their general experimental experience.
In addition, rheology was one of the most inconspicuous factors and easily ignored by the researchers, which has a dramatic effect on the printing process and quality of the final products. Even though researchers can successfully manufacture the drug products using a variety of materials, they are rarely focused on the rheological and viscoelasticity properties of the materials.
The AM has been introduced into the pharmaceutical area in the recent 20 years; it does not form a complete quality control and review system for 3D printing. So, like developing continuous process, bringing the production to competition and improving and perfecting the experimental parameters should be conducted for the pharmaceutical AM process.
Powder-based Systems

Binder Jetting Additive Manufacturing
The binder jetting additive manufacturing (BJ-AM) process, known sometimes as Bbinder jetting,^is a process that injects liquid binder through drop-on-demand (DOD) to selective areas of a spreading layer of powder material. Solidification of the saturated area has to occur once the binder is deposited, usually by heat application. Injet- (73) solidification steps are repeated for each layer until the object is completed (102) . The solidification mechanisms are similar to those in the wet granulation process, where the binder acts as a bridge between particles or dissolves and recrystallizes the particles (103) . The quality and integrity of the objects produced using such techniques are primarily dominated by both the physicochemical properties of the liquid binder and the powder material (104, 105) .
BJ-AM allows microengineering of the release characteristics and development of highly controlled microstructures of the pharmaceutical products, so it is particularly useful in degradable tissue engineering matrices or controlled drug delivery development (71, 106) . Katstra et al. successfully produced controlled-release tablets using cellulose powder (Avicel PH-301) and Eudragit® E100 or Eudragit® RLPO as binder solutions (72) . The first prescription 3D printed drug product (Spritam®; Aprecia) approved by US FDA was manufactured using the BJ-AM technology in 2015. Aprecia Pharmaceuticals' named their 3D printing technology as ZipDose Technology (17) . With this technique, drug particles are spread into thin layers, followed by selective jetting that bind the particles into thin porous layers. This process is repeated for a specific number of times according to the dose, thus building the product layer by layer. Spritam® is a rapidly disintegrating dosage form, where the levetiracetam dissolves in the mouth with a small amount of water in order to help patients who may have difficulty swallowing a tablet.
BJ-AM is similar to wet granulation. Compared to the other AM processes applied in the pharmaceutical field, BJ-AM is a potentially continuous process that shows high output, excellent reproducibility, and better quality. BJ-AM can be applied to a variety of raw materials in pharmaceutical products development.
Powder Bed Fusion Systems
Powder bed fusion differs from the traditional powderbased binder deposition systems mainly in the binding mechanism. Unlike inkjet deposition systems using binder 
Postprocessing, heat process solutions to bind particles together, powder bed fusion systems are based on different solidification mechanisms involving surface melting, congealing, and melting of binder powders with the accurate heating from a laser beam. For pharmaceutical and medical applications, the most commonly used powder bed fusion system is selective laser sintering (SLS). SLS is a rapid prototyping process using a laser beam to solidify the powdered layer to manufacture complex 3D parts. There are two critical components of the SLS system, a beam deflection component, which allows the beam to scan each layer controlled by predefined CAD models, and a powder deposition component for distributing thin layers of powder before the layer is laser-sintered (107). Ligon et al. published a thorough review on polymers for 3D printing and customized additive manufacturing (108) . Since SLS is a thermal process, the materials used in the process should meet specific requirements. The authors mentioned that, while many materials had been reported in the scientific literature or in patents, only a limited number of polymer powders for SLS were commercially available.
The application of SLS for producing medical and dental parts is well-established, but there are very few reports for drug delivery systems and pharmaceutical formulations (30). Fina et al. reported the first attempt at SLS printing for the preparation of drug-loaded oral dosage forms (tablets) using pharmaceutical grade excipients (44) . The cylindrical printlets were designed with AutoCAD 2014, 10 mm in diameter and 3.6 mm in height. To achieve different dissolution properties, Kollicoat® IR was used to make immediate-release printlets, while Eutragit® L100-55 was used for modified-release printlets. Especially for the SLS process in this study, 3% Candurin® Gold Sheen was added to the excipient to enhance energy absorption from the laser. Interestingly, for all formulations in this study, the laser scanning speed, the chamber temperature, and the surface temperature were kept constant. Since the glass transition temperature (Tg) differs from polymer to polymer and changes in drug loading can influence the Tg, optimization of the process parameters for a specific formulation will be needed to produce high-quality drug formulations in the future. The appearances of the 
Resin-based 3D Systems
Resin-based 3D printing is widely used in biomedical applications (76) . The advantages of this technique are its high resolution and mild treatment of the printing materials, which makes this technology suited for the fabrication of small objects, those requiring high precision, or those composed of materials that are prone to thermal or shear degradation (109) . The objects are built based on photopolymerization, which is initiated by energy from laser light, to solidify the liquid resin layer by layer until a solid 3D object is produced. Controlling the energy and focal point of the laser can localize the solidification to predetermined positions. The energy transmitted by the laser is governed by the light source power, scan speed, and exposure time (33) .
The older types of resin-based 3D printing used a bottom-up configuration where the laser beam scans the top of the resin surface. Today, more advanced printers can use a top-down arrangement, where the light is projected from the bottom of the resin bath through a laser-transparent window.
A computer-controlled laser beam rastering on the free resin surface initiates photopolymerization and forms solidified resin following the slice pattern (110) . After curing each layer, the support platform moves away from the surface one step. Thus, the newly built layer is recoated with fresh resin ready for curing the next layer. Because the depth of curing is set larger than the movement step of the platform, a good adherence between layers is formed by polymerization of unreacted groups on the solid surface with the illuminated resin of a new layer. The process is repeated until the complete 3D object is constructed. An additional step of washing excess resin and post-curing might be needed to improve the mechanical strength of the printed object.
One drawback of conventional stereolithography is that the printing speed is relatively slow due to the solidification happening one point at a time. Digital projection lithography (DLP) was developed to improve the printing speed. Instead of using a single laser beam, DLP uses a digital mirror device (DMD), with an array of up to millions of mirrors that can be rotated independently (111, 112) . The slice pattern is used to control the DMD, and the modulated light is projected as a twodimension array of pixels onto the curable resin surface (113, 114) . The photopolymerization is initiated simultaneously at all illuminated pixels, and the illuminated regions are solidified with a single exposure. Meanwhile, the dark areas remain liquid. After the fabrication of one layer, the printing Fig. 6 . a Khaled et al. also developed various sustained-release guaifenesin bilayer tablets using a double-syringe printer head (78) . b Li et al., has produced the gastro-floating tablets with the hydroxypropyl methylcellulose-based dipyridamole paste using the PAM technique at 25°C (47) Fig. 7 . The debinding process of layerwise produced green part by submerging in a solvent then sintering to final density process continues by immersing the substrate in resin, and a new layer is solidified on top of the existing structure.
Recently, layerless lithography, called continuous liquid interface production (CLIP), was developed (115) , which uses the top-down configuration and an oxygen-permeable illumination window. The photopolymerization inhibition mediated by oxygen creates a Bdead zone^between the printing substrate and illumination window where the resin will not solidify (116) . This prevents adherence to the window and allows the resin to freely flow into the dead zone, which enables a continuous photopolymerization process rather than layer-by-layer solidification. As a result, the production times are shorter and high printing resolution is obtained (116, 117) .
Very high lateral resolution two-photon stereolithography (TPS) is particularly compelling for printing in micro-and nanoscales, allowing miniaturized 3D objects to be printed precisely (118) . TPS utilizes two photons simultaneously to initiate the polymerization reaction. The photons must combine to generate sufficient energy to initiate the photopolymerization reaction (119) (120) (121) . The coincidence of two photons at a focal point restricts the excitation volume, and thus maintains a high spatial resolution (122) . There is always a trade-off between printing resolution, building volume, and printing speed. With a spatial resolution as high as 100 nm, objects printed by TPS usually have a size limitation of 1 cm 3 (123) . The resin print materials used in biomedical and pharmaceutical applications need to be both photopolymerizable and biologically safe. Schuster, Liska, and coworkers investigated the physical and chemical properties of resins and established a library of photopolymerizable resins that possessed low cytotoxicity and were suitable for long-term applications (124) (125) (126) . Popular biodegradable macromers for stereolithography are based on poly (propylene fumarate), trimethylene carbonate co-ε-caprolactone, and poly(D, L-lactide)-fumarate (109). However, very few materials that can be used for resin-based printing have been approved by the FDA (18) . Most cross-linked polymers are quite safe, but unpolymerized materials left in the sample after printing are toxic. Therefore, unreacted monomers or macromers residing in the matrices need to be thoroughly extracted from the objects after fabrication.
The high printing resolution and capability of utilizing clinical imaging data (MRI and CT scans) to build printing models make resin-based 3D printing particularly valuable for biomedical applications. This technique is widely used to fabricate patient-specific objects and models, such as functional body parts, implant devices, tissue engineering, and hydrogels containing cells (109) . For pharmaceutical applications, this technique is especially powerful in the fabrication of highly precise drug deliveries and is suitable for thermally labile APIs. Several dosage forms have been successfully prepared by resin-based 3D printing, such as transdermal microneedles (116) , porous scaffolds loaded with an antibiotic (127) , and an oral modified-release dosage form (128) . However, pharmaceutical applications might be limited because of low drug load, limited approved photosensitive polymers, and complications of the post-printing process.
Droplet-based Systems
The dawn of droplet-based printing (DBP) was in 1951 when the first inkjet device was introduced (129) . Over time, it has evolved to become a prominent technology in the printing industry in general and 3D printing in particular. DBP has many advantages over other 3D printing techniques, such as simplicity, agility, and precise control of the printing pattern. Because of its versatility, DBP has been applied to various areas, including biomedicine and pharmaceutics (130) .
The general principle of DBP is that droplets of printing ink are formed at the tip of a printing nozzle or an array of printing nozzles before being deposited at predefined locations. The resolution of printing is controlled by droplet volumes that vary from several picoliters to nanoliters, which will result in droplet diameters of 10 to > 100 μm (131) . Based on the droplet formation mechanisms, DBP can be classified as three printing types, namely inkjet, acoustic, and microvalve printing.
Inkjet Printing
Inkjet printing, including continuous, drop-on-demand and electrodynamic inkjet printing, manipulates the physical properties of ink solution to eject ink droplets onto a substrate with predetermined patterns. In continuous inkjet printing, the ink solution is pushed through a nozzle using pressure to form a stream of droplets at the tip of the nozzle (132) . More efficient, drop-on-demand inkjet printing generates droplets in a more controlled manner. Each printer is equipped with one or more printheads that have ink chambers connected to one or more nozzles. Droplet demand is signaled as pulses from piezoelectric, electrostatic, or thermal actuators, which subsequently generate pressure pulses applied to the ink solution (133) . When this pressure exceeds the surface tension of the ink solution at the nozzle orifice, an ink droplet is ejected out of the nozzle tip. Electrodynamic inkjet printing utilizes electric fields to pull ink solution through the nozzle orifice as droplets (134) . The ink solution is fed into a metallic nozzle, and, under pressure at the back of the nozzle, the ink solution forms a meniscus at the nozzle tip. A high voltage applied to the nozzle and substrate generates an electric charge within the ink solution surrounded by the meniscus that pulls the ink toward the substrate. When the electrical force overcomes the surface tension, a droplet will leave the nozzle and deposit on the substrate (135) .
Acoustic Printing
In acoustic printing, ink droplets are formed and ejected under the effect of an acoustic field. The printhead is equipped with an array of microchannels that can hold ink inside due to surface tension. Droplet demand is signaled to an acoustic generator, and the generated waves circulate and form an acoustic focal point near the channel outlets. When the force generated by the acoustic radiation overcomes the surface tension of the ink solution at the channel outlet, droplets are ejected from the microfluidic channels (136) . Unlike inkjet printing, acoustic printing is very gentle on the ink. Thus, it is suitable for printing sensitive materials, such as cells and medicines. However, movement of the printing nozzle and/or substrate during printing disturbs the precision of the acoustic focal points. As a result, the droplet ejection is poorly controlled, resulting in low printing resolution. Moreover, the acoustic fields may be insufficiently strong to cause droplet ejection (130) .
Microvalve Printing
In microvalve printing, droplet ejection is electromechanically controlled by a microvalve using a magnetic field. In the printhead, ink is filled in the fluid chamber under pressure applied from the back, and the gating of the nozzle orifice is controlled by a microvalve typically comprised of a solenoiddriven plunger (137) . Controlling signals are transferred to the microvalve as voltage pulses applied to the coil. Subsequently, the generated magnetic field lifts the plunger to open the orifice, and a droplet is ejected due to the pressurized ink chamber (138) . The microvalve can be opened and closed at a very high frequency, thousands of times per second. The printing operation can switch between continuous inkjet mode and drop-ondemand mode by adjusting the pressure applied and frequency of the microvalve gating.
Droplet-based 3D printing has been extensively applied in both biomedical and pharmaceutical fields. For biomedicine, the Bink^formulations contain various biologics, such as cells, protein, and DNA dispersed in a hydrogel delivery medium. Printable inks inherently possess low viscosity, biodegradability, biocompatibility, good adhesion, and high mechanical strength. These requirements limit the range of materials that can be used for drop-based 3D printing (130) . Favorite materials used for biomedical printing include alginate, collagen type I, methacrylate gelatin, fibrin, and polyethylene glycol. Biomedical applications of drop-based 3D printing consist of generating tissue such as bone, heart, cartilage, liver, lung, and skin tissue (139); high throughput screening (140) ; and creating tumor tissue models to mimic cancer microenvironments (141) . The applications of pharmaceutical ink formulations are more versatile than those of biomedical formulations. The composition of a pharmaceutical ink formulation consists of an API, carrier fluid, and excipients, as well as surface tension and viscosity modulators. The pharmaceutical applications of droplet-based 3D printing were intensively reviewed by Daly et al. (78) . The primary dosage form for individualized treatments is inkjet printing of the formulation on a porous substrate such as paper (8) or fibrous gelatin matrix (79). The print sheets are then cut into predetermined dimensions and loaded into a hard capsule. Inkjet printing in conjunction with UV photoinitiation was used to fabricate tablets in which poly(ethylene glycol) diacrylate established crosslinks after the ink had been deposited on the printing substrate (142) . Recently, controlled-release tablets with precise, complex structures were prepared using melting inkjet 3D printing, a solvent-free method (143) . The results demonstrated that drug release could be modulated by the surface area, printing structure, and wetting property of the tablets. DBP is a potential approach to individualized treatment. However, it might be limited to very low drug dosages since the drug load and size of the dosage forms are very small.
CHALLENGES AND FUTURE PERSPECTIVES OF PHARMACEUTICAL AM
As an emerging technology in the pharmaceutical industry, there are many challenges to 3D printing. Some review articles have already raised points worthy of consideration. Liaw et al. reviewed the FDA regulations and challenges of 3D printing (144) . Preis et al. systematically reviewed the current status of the 3D-printed drug for children and the challenges encountered (145) . Our current review focuses on the challenges of the materials, equipment, and processes of additive manufacturing for personalized drug delivery systems.
Most additive manufacturing platforms were initially developed for applications in industries other than pharmaceutical, while the materials utilized were not pharmaceutical grade. To develop personalized drug delivery systems, pharmaceutical scientists have two important considerations: (1) find appropriate materials for the different types of 3D printing and (2) maintain the desired properties after the printing process. Polylactic acid (PLA) and acrylonitrile butadiene styrene (ABS) are the most used materials for FDM systems (54) , but commercial filaments of pharmaceutical grade polymers are not available. SLS is a one-step technology that does not require high-quality intermediate filaments. However, commonly used materials for SLS are powdered plastics, ceramics, and metal alloys (107, 146) , most of which are not suitable for drug delivery systems. The challenges of using pharmaceutical grade materials for SLS processes are potential low absorption of laser energy and thermal degradation from high energy input. An alternative method to increase laser energy absorption is adding pharmaceutical excipients that have reasonable absorbance at the wavelength of the laser source or lowering the laser scanning speed to increase the energy transmission time. Regarding thermal degradation, a Bdesign space^of process parameters is needed for all new materials utilized in the 3D printing process and all changes in processing conditions (147) .
To ensure the quality of drug products, pharmaceutical material selection and process optimization remain a big challenge. At the beginning of the twenty-first century, the FDA first introduced the Quality by Design (QbD) concepts (148) , namely a new guideline for developing and manufacturing the drug products. These concepts can achieve ensured quality with high efficiency, flexibility, and more important, minimum regulatory oversight (149) . Currently, most of the pharmaceutical AM stays in the lab scale and researchers were struggling on the prophase studies, such as developing the suitable materials, standard operation procedure (SOP), as well as experimental on the processing window for a variety of materials and machines. In the lab scale, the design of experiment (DoE) has been applied which can guide through the optimization of the pharmaceutical AM process (150, 151) . In the event pharmaceutical AM has been industrialized or commercialized, the QbD should be applied to provide guidance on pharmaceutical development to the facility, the design of products, and processes that maximize the product's efficacy and safety profile while enhancing product manufacturability.
Considerable effort has been made regarding regulation of 3D-printed medical devices. In 2017, the FDA released its final guidance on Technical Considerations for Additive Manufactured Medical Devices for industry and FDA staff (152) . This guidance emphasized design and manufacturing process considerations (e.g., patient-matched device design, software workflow, material controls, and process validation) and device testing considerations (e.g., device testing, mechanical testing, and material characterization). Some of the critical attributes mentioned above can also apply to the pharmaceutical drug products manufactured by 3D printing techniques. However, a specific guidance for 3D-printed drug products is very much needed. Reexamining the first FDAapproved 3D-printed tablet, Spritam®, shows that it contains excipients that are present in conventional tablets and its manufacturing conditions are relatively mild compared with those of FDM or SLS. Considering novel excipients and more complicated printing processes, the regulatory agency needs a unique pathway for drug products manufactured by printing techniques. Can traditional in vitro testing methods be used for 3D-printed drug products? Furthermore, should 3D-printed dosage forms be required to meet more/extra/special requirements than conventional products? In the future, if a 3D-printed drug product is developed as a substitute for a current product, it will still make sense to evaluate and approve it following traditional guidelines. However, if it is designed with unique or personalized properties, a new pathway of approval and guidelines should likely be developed.
CONCLUSION
This review was organized systematically to present AM with respect to the development of pharmaceuticals. AM/3D printing is an emerging technology in dosage form development, but it has tremendous potential in the development of pharmaceutical products. This potential to develop personalized medicine is a revolutionary change in compounding the dosage forms with tailored doses, especially for drugs with narrow therapeutic ranges. This would have a profound effect on society and industry. However, appropriate regulations and policies must be developed for future research in this arena. 3D printing has provided new prospects for various industries in production paradigms and extending manufacturing to local and decentralized production. Such additive manufacturing has exceptional applications that need to be exploited in the manufacturing sector. Nevertheless, the use of different 3D printing technologies has recently increased in various industries in the recent past; it requires advancements (reducing production time, printer cost, and printer materials) to replace the conventional production methods. Wohler's report in 2014 estimated that global revenue for AM will rise fourfold from US$5 billion in 2016 to US$21 billion in 2021. This suggests a considerable market potential for AM in the near future.
